Introduction
Polyether ionophores are antibiotics that are widespread applied in anticoccidial prevention and the treatment diseases in chicken and several other species. 1, 2 There is growing concern that antibiotic use in livestock production is contributing to environmental contaminations such as river, soil and food samples. [3] [4] [5] [6] [7] [8] Specifically, the presence of polyether ionophores in an aquatic environment has attracted for residual antibiotics. [3] [4] [5] Thus, analytical techniques would be needed for monitoring polyether ionophores in various samples. The most frequently used drugs from this antimicrobial family are salinomycin (SAL), monensin (MON), narasin (NAR), semduramicin (SEM) and lasalocid (LAS) in Japan. 9 The progress of analytical techniques has been regarded as being a serious issue of polyether ionophores that have no appropriate chromophore. Thus, there is no sense in many analytical methods for the simultaneous determination of polyether ionophores using liquid chromatography coupled with mass spectrometry (LC-MS) and/or tandem mass spectrometry (LC-MS/MS). 3, 5, 7, 10, 11 However, mass spectrometric analysis of the polyether ionophores has substantial problems. The polyether ionophores exhibit a lower limited solubility in water due to the formation of lipid-soluble cyclic complexes with alkali metal cations such as Na + , K + , Li + , Cs + , NH4 + , Ca 2+ , Mg 2+ and Cu 2+ . It is a problem for some ionization that the appearance of multiple adducts for a single polyether ionophore readily formed cyclic complexes with polar metal cations. 12 Mass spectrometric detection and accurate quantization of these compounds would be needed for stable isotope standards. However, these stable isotope standards would not be obtained from a chemical company. On the other hand, it is unlikely that other chromatographic detections can be developed for the simultaneous determination of polyether ionophores. A previous report would provide an effective tool for the simultaneous determination of these compounds using high-performance thin-layer chromatography with fluorescent derivatization. 13 However, it is not possible that efficient and effective fluorescent derivatization would simultaneously work for variant polyether's structures. Thus, there are no reports that selective chromatographic methods for the simultaneous determination of five polyether ionophores will be developed without LC-MS and/or LC-MS/MS.
In this study, we developed a novel and revolutionary fluorescent one-step derivatization for the simultaneous determination of five polyether ionophores using liquid chromatography with fluorescence detection (LC-FD). For variant polyehter's structures, two fluorescent mix-reagents (2-(4-hydrazinocarbonyl-phenyl) 4,5-diphenylimidazole, HCPI; 4-(4,5-diphenyl-1H-imidazol-2-yl) benzoyl chloride hydrochloride, DIB-Cl) could be used for the one-step derivatization of five polyether ionophores, and one running LC-FD.
We present a selective method for simultaneous determination of five polyether ionophores such as salinomycin (SAL), monensin (MON), narasin (NAR), semduramicin (SEM) and lasalocid (LAS) in aquatic samples using a liquid chromatography with one-step fluorescent derivatization of 2-(4-hydrazinocarbonyl-phenyl) 4,5-diphenylimidazole (HCPI) and 4-(4,5-diphenyl-1H-imidazol-2-yl) benzoyl chloride hydrochloride (DIB-Cl). Fluorescent one-step derivatization for SAL, MON, NAR and SEM using HCPI and for LAS using DIB-Cl was monitored by an LC/fluorescence detector (Ex, 340 nm; Em, 465 nm). Chromatographic separation was performed on a TSK-GEL ODS-120T (4.6 × 150 mm, 3 μm) column using a mobile phase of 0.1% formic acid in acetonitrile and 0.5 mM ammonium formate in water (70/30, v/v). The limits of detections were 0.01 μg/mL (50 pg) for LAS, 0.05 μg/mL (250 pg) for SAL, NAR and SEM, and 0.1 μg/mL (500 pg) for MON, respectively. The recoveries for water samples were indicated to be the range of 79.6 ± 6.4 -99.0 ± 4.4% with associated precision values (between-day for 3 days) for repeatability. Based on solid-phase extraction, the limit of quantitation values indicated 0.1 ng/mL for SAL, MON, NAR and SEM, and 0.01 ng/mL for LAS in water samples. 14 The 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was obtained from Dojindo Co. (Kumamoto, Japan). Pyridine, acetonitrile, formic acid, ammonium formate, methanol, potassium dihydrogenphosphate, disodium hydrogenphosphate, phosphoric acid and N,N-dimethylformamide (DMF) were obtained from Wako Pure Chem. Co. (Japan). Purified water was obtained from a Milli-Q purifying system (Millipore, Bedford, MA). A stock solution (0.5 mg/mL) was prepared by dissolving an appropriate amount of the standard in DMF. The standard solutions were prepared by diluting an aliquot of the stock solution in DMF for the simultaneous determination of polyether ionophores.
LC-FD equipment and conditions
A liquid chromatography (LC) system was performed using a LC-20AB pump, RF-10Axl detector, CTO-20AC column oven, SIL-20A autosampler and C-R8A recorder system (Shimadzu Co., Kyoto, Japan). The column was a TSKgel ODS-120T (2.0 × 150 mm, 5.0 μm, Tosoh Co., Tokyo, Japan). The mobile phase for simultaneous analysis consisted of 0.1% formic acid in acetonitrile and 0.5 mM ammonium formate in water (70/30, v/v). The flow rate was 0.2 mL/min. The column temperature was 40 C. A sample volume of 5 μL was injected. The elution of five polyether ionophores was monitored at λ = 340 nm for excitation and 465 nm for emission.
Derivatization of five polyether ionophores
In this one-step derivatization, the extracted samples or standard solutions were adjusted with 50 μL and transferred into plastic test tubes. Then, this solution was added to 20 μL of 2 mmol/L HCPI/DIB-Cl in DMF, 20 μL of 50 mmol/L EDC, and 10 μL of pyridine at 37 C for 60 min. After incubation, as soon as possible, this solution was injected to LC-FD.
Sample preparation of five polyether ionophores in aquatic samples
Aquatic samples were extracted and cleaned using a solid-phase extraction (SPE) cartridge (OASIS-HLB, 200 mg/6 mL, Waters Co., Milford, MA). Before extraction the SPE cartridges were pre-conditioned with 5 mL of methanol followed by the addition of 5 mL of water and 5 mL of 0.1 mol/L phosphate buffer (pH 8.0). The samples (100 mL) were added with 0.1 mol/L phosphate buffer (pH 8.0). This sample solution was passed through SPE cartridge which were then washed with 10 mL of water/methanol (80/20, v/v). The retained compounds were eluted using 5 mL of methanol at low flow rate. These elutes were dried under a stream of nitrogen at 30 C. The samples were resoluble in 0.1 mL of DMF, and then one-step derivatization. For recovery test, three concentrations were evaluated for three days (n = 3).
Results and Discussion

Derivatization of five polyether ionophores
For the fluorescent derivatization of five polyether ionophores, we used HCPI that targeted the carboxyl group; it reacted with condensing agents of EDC and pyridine at room temperature. HCPI derivatization could be used for free fatty acids, and detected with LC-FD.
14 Thus, we proposed HCPI derivatization because five polyether ionophores have the carboxyl group (Fig. 1) . It is possible that HCPI derivatization of SAL, MON, NAR and SEM was completed without the LAS in EDC/pyridine condition. HCPI could not react with a salicylic structure such LAS under this condition. On the other hand, it is possible that DIB-Cl reagent could react with the phenol group under the EDC/pyridine condition. [15] [16] [17] We tried to use the DIB-Cl reagent for the derivatization of LAS under the EDC/pyridine condition. In this result, the DIB-Cl derivatization of LAS was completed under the EDC/pyridine condition, and in other polyether ionophores solutions with HCPI (Fig. 1) . These results indicated that mix-HCPI/DIB-Cl fluorescent solution could be used for the one-step derivatization of five polyether ionophores under the EDC/pyridine condition. Then, the optimal conditions for the one-step derivatization were investigated such as the concentration levels of HCPI, DIB-Cl and EDC, the temperature and the reaction time (Fig. 2) . Typical investigated conditions of SAL and LAS for the temperature and the reaction time are shown in Fig. 2 . The SAL, MON, NAR and SEM indicated the optimal reaction time of 60 min without LAS (30 min). In this study, optimal reaction time (60 min) was selected for this one-step derivatization. In these results, optimal conditions were 2 mmol/L HCPI/DIB-Cl, 50 mmol/L EDC, at 37 C, and for 60 min.
LC-FD detection of five polyether ionophores
After one-step derivatization of five polyether ionophores, LC-FD detection was investigated of separation and monitoring wavelengths. Several reversed-phase columns (TSKgel ODS 100V, 100Z, 80Ts and 120T) and mobile phase (added formic acid, acetic acid, ammonium acetate and ammonium formate) were evaluated for the separation of five polyether ionophores after one-step derivatization. In this result, the TSKgel ODS-120T was used with a mobile phase consisting of 0.1% formic acid in acetonitrile and 0.5 mM ammonium formate in Fig. 1 Derivatization of five polyether ionophores using HCPI and DIB-Cl.
water (70/30, v/v) for the good separation of five polyether ionophores. Moreover, the monitoring wavelength was selected at 340 nm for excitation and 465 nm for the emission wave length for the simultaneous analysis of five polyether ionophores. The LC-FD chromatogram of five polyether ionophores for the recovery test is shown in Fig. 3 . The calibration graphs obtained for the five polyether ionophores standards were linear over the calibration range (0.1 -10 μg/mL for SAL, MON, NAR and SEM, and 0.01 -1 μg/mL for LAS) and showed good correlation values (r 2 = 0.998). The calculated LOD were 0.01 μg/mL (50 pg) for LAS, 0.05 μg/mL (250 pg) for SAL, NAR and SEM, and 0.1 μg/mL (500 pg) for MON, respectively.
Recovery tests of five polyether ionophores in aquatic samples for SPE preparation
Cha et al. reported that the presence of trace levels of polyether ionophores exist in the river water from urban and agricultural land use, and suggested that the origin of antibiotic contamination in surface and ground waters is considered to be the sources discharges of municipal and agricultural wastewater. 3 Thus, in this study, surface water samples would be targeted for the determination of polyether ionophores in water. Based on a previous report, the SPE preparation of polyether ionophores was applied of aquatic samples.
18 Table 1 gives the recovery tests for three concentrations of five polyether ionophores in water samples. The recoveries were indicated to the range of 79.6 ± 6.4 -99.0 ± 4.4% with associated precision values (between-day for 3 days) for repeatability (Table 1) . For lower recovery values of high concentration levels of SAL and MON than lower levels, the reason would be suggested that reaction efficiency in derivatization was decreased at high concentration. On the other hand, these recovery values (79.6 ± 6.4 -99.0 ± 4.4%) are useful for analytical validation. Based on the SPE concentration level, the LOQ values for water sample indicate 0.1 ng/mL for SAL, MON, NAR and SEM, and 0.01 ng/mL for LAS. It is possible that this analytical method would be used for the monitoring of five polyether ionophores in tap and river-water samples.
In conclusion, we developed the LC-FD method with the one-step derivatization of five polyether ionophores in water samples. The overall results indicate that this approach of LC-FD with one-step derivatization and SPE preparation is a useful technique for the simultaneous determination of five polyether antibiotics in various samples. Future work will investigate the environmental contamination of polyether ionophores in large-scale aquatic samples. Precision values (between-day for 3 days) for repeatability. Lower levels: 0.5 ng/mL for SAL, MON, NAR and SEM, and 0.05 ng/mL for LAS. Middle levels: 5 ng/mL for SAL, MON, NAR and SEM, and 0.5 ng/mL for LAS. High levels: 10 ng/mL for SAL, MON, NAR and SEM, and 1 ng/mL for LAS.
